Two-dimensional photoelectron spectroscopy of hydrogen iodide ͑HI͒ has been performed in the photon energy region of 11.10-14.85 eV, in order to investigate dynamical properties on autoionization and neutral dissociation of Rydberg states HI*(R A ) converging to HI ϩ (Ã 2 ⌺ 1/2 ϩ ). A two-dimensional photoelectron spectrum exhibits strong vibrational excitation of HI ϩ (X 2 ⌸) over a photon energy region from ϳ12 to 13.7 eV, which is attributable to the autoionizing feature of the 5d HI*(R A ) state. A noticeable set of stripes in the photon energy region of 13.5-14.5 eV is assigned as resulting from autoionization of the atomic Rydberg states of I* converging to I ϩ ( 3 P 0 or 3 P 1 ). The formation of I* is understood in terms of predissociation of multiple HI*(R A ) states by way of the repulsive Rydberg potential curves converging to HI ϩ ( 4 ⌸ 1/2 ).
I. INTRODUCTION
Superexcited states, which are defined as neutral states lying in ionization continua, occupy considerable amounts of oscillator strength in the extreme ultraviolet region of a molecule. Autoionization induced by interelectronic interaction is their major decay processes. However, in the case of molecular superexcited states with relatively slow autoionization rates, other processes such as neutral dissociation compete with autoionization and have sizable fractions in the decay. Hydrogen halides are one of the classes of molecules whose superexcited states attract considerable attention in the literature. Much effort has been directed toward understanding mechanisms of their decay processes and dynamics on dissociative excited states. As for HCl and HBr, series of Rydberg states converging to the ionic Ã 2 ⌺ 1/2 ϩ states appear as extensive vibrational progressions on photoabsorption, photoionization, and fluorescence cross sections. [1] [2] [3] [4] [5] [6] [7] [8] [9] These cross sections for the vibrational levels show evidence of competition in decay of the Rydberg states between autoionization and predissociation. Characters of the involving states and branching ratios have been well accounted for by theoretical calculations. [6] [7] [8] In contrast, less information has been gained on the decay from the corresponding Rydberg states of hydrogen iodide ͑HI͒, since the Rydberg states do not exhibit distinct vibrational progressions but broad and almost structureless features on photoabsorption and photoionization spectra. 4, [10] [11] [12] Even for the superexcited states with such broad profiles, photoelectron spectroscopy combined with synchrotron radiation may offer information on the decay dynamics. This is because, when the photon energy is tuned to a superexcited state, the vibrational distribution of the final ionic state on the photoelectron spectrum is closely related to the potential energy surface of this autoionizing state. Indeed, vibrational excitation of HI ϩ (X 2 ⌸) has been observed on the photoelectron spectra measured at several photon energies between 11 and 14 eV. 13 In addition, photoelectron spectroscopy can probe neutral dissociation of the superexcited state if the neutral fragments undergo autoionization. It is greatly to our advantages to collect a series of photoelectron spectra consecutively by changing the incident photon energy E h at a small interval, and to compare the relative band intensities at on-resonance with those at off-resonance. This method is called as two-dimensional ͑2D͒ photoelectron spectroscopy, in which the photoelectron yield is represented as a function of both E h and electron kinetic energy E k .
14 Such representation realizes a bird's-eye view of a broad area associated with photoexcitation and photoionization, which allows us to elucidate the nature and properties of superexcited states and to investigate decay mechanisms of these states. [15] [16] [17] [18] Actually two-dimensional spectroscopy has uncovered many new phenomena that might have been overlooked in conventional one-dimensional measurements.
In this paper we will report on the 2D photoelectron spectrum ͑2D-PES͒ of HI in the E h region of 11. subpicosecond regime, so that the quantum yield for predissociation is by no means negligible as compared to that for the autoionization. Therefore, it is highly likely that the 2D-PES contains the patterns assignable to autoionization transitions of superexcited iodine atoms.
II. EXPERIMENTAL METHODS
The details of the experimental setup and procedure for 2D photoelectron spectroscopy are described elsewhere 14, 15 and will be presented here briefly. Measurements were performed at beam line BL3B of the UVSOR Synchrotron Radiation Facility in Okazaki. The synchrotron radiation was dispersed using a 3 m normal incidence monochromator equipped with a concave 1200 lines/mm grating. The spectral resolution of the photon beam was set to about 1.5 Å ͑20 meV at 13 eV͒. The monochromatized photon beam was introduced into an ionization chamber which has a housing of 18 mm length and 28 mm diameter. The photon beam focused in the ionization chamber was about 0.5ϫ3 mm 2 in size, and is estimated to be about 85% linearly polarized. Commercial high purity HI gas ͑Matheson, 98% pure͒ was admitted into the ionization chamber where the effective pressure is kept ϳ3.0ϫ10
Ϫ4 Torr during measurements of 2D photoelectron spectroscopy. Electrons were sampled in the direction perpendicular to the main axis of polarization of the photon beam and pass through a 160°spherical electrostatic electron energy analyzer with the mean radius of the electron orbit of 54.7 mm ͑Comstock, AC-902͒. The analyzer was equipped with a position sensitive detector composed of dual microchannel plate multipliers and a two-dimensional resistive anode encoder ͑Quantar Technology, 3390A͒. The electron transmission efficiency as a function of the electron kinetic energy was obtained by a ratio between the intensity of the Ar ϩ ( 2 P 3/2,1/2 ) band and a reported differential partial photoionization cross section. 19, 20 The 2D-PES covering E h ϭ11.10-14.85 eV was measured by taking photoelectron spectra consecutively at wavelength intervals of 0.7 Å, while the 2D-PES with a narrower range was measured at wavelength intervals of 0.5 Å. The overall energy resolution of photoelectrons was set to about 50 meV in both the measurements.
III. RESULTS AND DISCUSSION
A. Overview of a 2D-PES of HI Figure 1͑a͒ shows a 2D-PES of HI measured in the E h region of 11.10-14.85 eV. The vertical axis corresponds to E h , and horizontal to E k . The electron yields on the 2D-PES are plotted with eight tones from light to dark on a linear scale, where the intense structures are truncated for the purpose of clarifying those with lower yields. Blow E k ϭ0.5 eV, the accuracy of the electron yields becomes relatively low because of rapid increase in both secondary electrons and transmission efficiency of the analyzer. The diagonal tick marks on the top of Fig. 1͑a͒ denote the axis of the energy difference
͑1͒ Figure 1͑b͒ represents the curve obtained by summing electron counts over the whole E k range as a function of E h . This curve need not accord with the curve of the photoionization cross section, because the photoelectron intensity was measured at an angle of 90°with respect to the electric vector of the incident light. Nevertheless, spectral features, such as a broad peak centered at E h ϳ12.3 eV, are in good agreements with those reported in the photoabsorption 4 and partial photoionization cross section curves of HI. 11, 12 It is thus fair to say that photoelectron angular distributions are not very different for different E h positions. In analogy to HBr, 8 the broad peak at ϳ12.3 eV can be assigned to Only the v ϩ ϭ0 level (I E ϭ13.957 eV) 23 can be resolved under the present E k resolution of 50 meV. Using high-resolution He I photoelectron spectroscopy 23 the peaks of vibrational levels below v ϩ ϭ7 (I E ϭ14.281 eV) are separable but those of higher levels are hardly discernible because of predissociation broadening. In addition to these diagonal patterns due to molecular ionization, vertical stripes running parallel to the photon energy axis can be seen around ⌬Eϭ13.5-14 eV. These stripes are considered to result from autoionization of atomic fragments. The detailed formation mechanism will be discussed in Sec. III C. The neutral ground HI(X 1 ⌺ ϩ ) state has a valence shell electronic configuration of (5s) 2 (5p) 2 (5p) 4 in the separated-atom representation. Since the 5p electrons are localized on the iodine atom, the equilibrium nuclear distance R e of HI ϩ (X 2 ⌸), R e ϭ1.609 Å, is nearly equal to that of the neutral ground HI(X 1 ⌺ ϩ ), R e ϭ1.62 Å. 24 Thus, vibrational excitation on direct photoionization is expected to be less extensive for HI ϩ (X 2 ⌸) than for the other -type ionic states. This statement is confirmed by the vibrational distribution of HI ϩ (X 2 ⌸) in He I photoelectron spectrum previously reported 21 and in our 2D-PES at E h Ͼ13.7 eV. Both spectra show that the v ϩ ϭ0 spin-orbit components have a dominant population of more than 90%. However, Fig. 1͑a͒ reveals drastic change in vibrational distribution of HI ϩ (X 2 ⌸) below 13.7 eV, where the relative intensities of the v ϩ у1 levels are significantly increased. This observation is consistent with the one-dimensional photoelectron spectra previously reported at 11.0-13.7 eV. 13 We attribute most of the vibrational excitation between ϳ12.0 and ϳ12.7 eV to the autoionization of the 5d HI*(R A ) state, judging from its peak profile in Fig. 1͑b͒ . On the other hand, the vibrational distribution shows interesting behavior between ϳ13.2 and ϳ13.6 eV, that is, a left-side up pattern on the 2D-PES. In this region the relative population for a given v ϩ reaches a maximum at a particular photon energy E h max . The earlier left-side up pattern implies that E h max increases with increasing v ϩ . Many HI*(R A ) Rydberg states with n Ͼ5 are expected to lie at 13.2-13.6 eV, although no peak structure is appreciable there in Fig. 1͑b͒ . One would suppose that the vibrational excitation in the higher E h range results from autoionization of one of these HI*(R A ) states. Nonetheless, this presumption is not definitive and it is also possible that the vibrational excitation is still concerned with the 5d HI*(R A ). This point will be discussed in the following section.
Below E h ϳ12.0 eV there exist many intense spots on the diagonal stripes for the v ϩ у1 level of HI ϩ (X 2 ⌸ 3/2 ). These spots are ascribed to the spin-orbit autoionization of the Rydberg states HI*(R X,1/2 ) converging to HI ϩ (X 2 ⌸ 1/2 ).
B. Autoionization of 5d HI*"R A …
The autoionization features for the low v ϩ levels of HI ϩ (X 2 ⌸) are less clear on the 2D-PES, owing to the intensity truncation in Fig. 1 . For the purpose of clarity, the constant-ionic-state ͑CIS͒ photoelectron spectra for v ϩ ϭ0 -3 of HI ϩ (X 2 ⌸ 3/2 ) are extracted from the 2D-PES. Each CIS spectrum is obtained by integrating electron yields along the E k direction ͑i.e., constant E h ) over a small ⌬E range covering the corresponding diagonal stripe. Figures  2͑a͒-2͑d͒ show the CIS spectra for the v ϩ ϭ0 -3 levels, respectively. As judged from Fig. 1͑a͒ the stripe of v ϩ ϭ3 overlaps partially with the tail of the intense v ϩ ϭ0 band of
. However, choosing a higher ⌬E range for the integration can make the contamination due to this overlap almost negligible in Fig. 2͑d͒ .
Before discussing the autoionization of 5d HI*(R A ), we will comment on propensity in spin-orbit autoionization of HI*(R X,1/2 ) in the vϭ1 -3 levels. In Figs. 2͑b͒-2͑d͒ the dotted lines in the CIS spectra for v ϩ ϭ1 -3 of HI ϩ (X 2 ⌸ 3/2 ) designate the I E positions for the v ϩ ϭ1 -3 levels of Figures 2͑a͒ and 2͑b͒, i.e., the CIS spectra for v ϩ ϭ0 and 1, show broad resonance peaks resulting from autoionization of 5d HI*(R A ). With increasing v ϩ the spectral features spread from ϳ12.0 to ϳ13.3 eV and become complicated as evidenced from the three lower panels in Fig. 2 . At v ϩ у3 the whole resonance splits into two broad peaks ͓see also Fig. 1͑a͔͒ . The peak lying at lower energy is centered always at E h ϳ12.4 eV, whereas that at higher energy shifts its maximum position from ϳ13.1 eV at v ϩ ϭ3 to ϳ13.5 eV at v ϩ ϭ13. These findings explain the vibrational excitation structure at E h Ͻ12.7 eV and the left-side up pattern between ϳ13.2 and ϳ13.6 eV on the 2D-PES in Fig. 1͑a͒ . The continuous evolution of the whole autoionization feature with v ϩ appears to suggest that the feature originates mainly from 5d HI*(R A ), though the left-side up vibrationalexcitation structure is seen at the E h range which lies outside of the profile of the 5d HI*(R A ) resonance in Fig.  1͑b͒ .
The observed autoionization feature of 5d HI*(R A ) may have relation with the shapes of the potential energy curves for both the autoionizing and final ionic states. The potential energy curves of HI* and HI ϩ are illustrated in Fig.  3 22 have found that the ionic state can be described more correctly with the adiabatic than with the diabatic potential energy curves. These authors optimized the adiabatic curve so as to reproduce the vibrational structure of the threshold photoelectron spectrum and thereby determined the diabatic potential energy curves for HI ϩ (Ã 2 ⌺ 1/2 ϩ ) and HI ϩ ( 4 ⌸ 1/2 ). On the other hand, it is not apparent whether the potential energy curves of HI*(R A ) are similar to that of the adiabatic HI ϩ (Ã 2 ⌺ 1/2 ϩ ) curve for the following reason. Interaction between the Rydberg states may differ from that between the ionic states: in the diabatic representation, the potential energy curve of each Rydberg state HI*͓R( 4 ⌸ 1/2 )͔ converging to either of the two HI ϩ ( 4 ⌸ 1/2 ) states intersects with multiple diabatic HI*(R A ) curves, and the magnitude of the interactions is by no means uniform. Thus some HI* states are represented in Fig. 3 by shifting downward the diabatic potential energy curves of HI ϩ (Ã 2 ⌺ 1/2 ϩ ) and HI ϩ ( 4 ⌸ 1/2 ). If the interactions between the bound and repulsive HI* states become strong, the adiabatic representation might provide more realistic potential energy curves.
Superexcitation and subsequent autoionization is usually governed by the Franck-Condon principle. In general the vibrational wave functions for high-vibrational levels have large amplitudes near the potential wall. Therefore, superexcitation into 5d HI*(R A ) affords population to several vibrational levels whose classical turning points at the repulsive branch of 5d HI*(R A ) are included within the Franck-Condon region ͑see Fig. 3͒ . Subsequent autoionization from these levels occurs either near the repulsive branch or near the attractive branch, unless the lifetime with respect to autoionization is much shorter than the vibrational period of the 5d state. On autoionization near the repulsive branch, favorable overlap in vibrational wave functions are established with relatively low v ϩ levels of HI ϩ (X 2 ⌸). Then the resonance structure exists on the v ϩ ϭ0 and 1 CIS spectra. On the other hand, autoionization near the attractive branch populates markedly high v ϩ levels and leads to the vibrational excitation between ϳ12.0 and ϳ12.7 eV on the 2D-PES.
After subtracting uniform background we calculated the intensities of the 5d HI*(R A ) resonance in the CIS spectra for v ϩ ϭ0 and 1 in Fig. 2 . The ratio of the intensity for v ϩ ϭ1 to that for v ϩ ϭ0 is found to stand at 0.15. Since other HI*(R A ) Rydberg states are expected to have almost the same potential energy curves, their autoionization would give similar ratios between the intensities for v ϩ ϭ0 and 1. However, at E h ϭ13.2-13.6 eV, the intensity for v ϩ ϭ1 is calculated from Fig. 2 to be only 4% of that for v ϩ ϭ0. This ratio is similar to that expected from direct ionization, 21 though plenty of higher HI*(R A ) states lie in this E h region. This implies that autoionization of high-n HI*(R A ) states occur less efficiently than their predissociation into neutral fragments. Considering the strong coupling between HI ϩ (Ã 2 ⌺ 1/2 ϩ ) and HI ϩ ( 4 ⌸ 1/2 ), we can suppose that the HI*(R A ) states have some interaction with several HI*͓R( 4 ⌸ 1/2 )͔ states. The autoionization rate of HI*(R A ) becomes slower with the increase of the nominal quantum number n, while the number of the predissociating HI*͓R( 4 ⌸ 1/2 )͔ potential curves becomes larger with n. Hence, prompt conversion of HI*(R A ) into HI*͓R( 4 ⌸ 1/2 )͔ followed by dissociation into H( 2 S 1/2 ) and a Rydberg iodine atom prevails over autoionization. Contrarily, the conversion from 5d HI*(R A ) into HI*͓R( 4 ⌸ 1/2 )͔ is less probable because most of the repulsive HI* states cross with 5d HI*(R A ) at long internuclear distances; the spectral patterns due to autoionization from 5d HI*(R A ) are therefore pronounced on the 2D-PES.
Once an HI*(R A ) state is formed by primary photoexcitation, it can be converted to many HI*͓R( 4 ⌸ 1/2 )͔ states through avoided curve crossings, and then the system returns to HI*(R A ) by reverse conversion from HI*͓R( 4 ⌸ 1/2 )͔. Such multistep conversion, which was first proposed and ascertained by Guyon, Bare, and Nenner 28 in their works on threshold photoelectron spectra of N 2 O, promotes switchover from HI*(R A ) states with high n to those with low n. Autoionization of low-n HI*(R A ) states thus produced, like 5d, can lead to the populations of HI ϩ (X 2 ⌸ 3/2,1/2 ) at higher v ϩ than expected by the Franck-Condon factors between HI(X 1 ⌺ ϩ ) and HI*(R A ). When the vibrational level of 5d HI*(R A ) lies above 12.8 eV, autoionization can proceed only from the repulsive branch because the potential energy curves of 5d HI*(R A ) lies below that of HI ϩ (X 2 ⌸ 3/2 ) ͑see Fig. 3͒ . The higher the n value of the primary HI*(R A ) state becomes, the more the autoionizing HI*(R A ) state produced through multistep conversion are vibrationally excited. Consequently, autoionizing transition occurs at shorter nuclear distances and the final vibrational distribution of HI ϩ (X 2 ⌸ 3/2,1/2 ) shifts to higher v ϩ . Namely, the average value in the v ϩ distribution of HI ϩ (X 2 ⌸ 3/2,1/2 ) increases with the increase of the initial photon energy. The left-side up pattern at E h ϭ13-13.7 eV in Fig. 1 obviously supports this expectation.
Cormack et al. 22 suspected from their threshold photoelectron spectrum that autoionization of the ns HI*(R A ) states with nϭ6 -8 are responsible for the production of threshold photoelectrons together with HI ϩ (X 2 ⌸) in vibrationally excited states. So far contribution of the ns HI*(R A ) states has not been perceived in our 2D-PES in Fig. 1 where autoionization from 5d HI*(R A ) accounts for most of the formation of the electrons with low kinetic energy. This discrepancy is not easy to explain, but might arise from difference in relative sensitivities to threshold photoelectrons between the two experimental setups.
C. Neutral dissociation of HI*"R A … forming autoionizing iodine atom
The two repulsive HI ϩ ( 4 ⌸ 1/2 ) states asymptotically correlate with H( 2 S 1/2 )ϩI ϩ ( 3 P 0 and 3 P 1 ) as mentioned before. Accordingly, conversion from HI*(R A ) into HI*͓R( 4 ⌸ 1/2 )͔ may bring about dissociation into H( 2 S 1/2 ) together with the iodine atom in the Rydberg state converging to I ϩ ( 3 P 0 or 3 P 1 ). This Rydberg atom, which will be denoted hereafter by I*͓R( 3 P 0,1 )͔, can autoionize into I ϩ ( 3 P 2 ) if its internal energy exceeds the ionization energy of the ground I atom for the formation of I ϩ ( 3 P 2 ), I E ϭ10.451 eV. 29 Autoionizing states of I*͓R( 3 P 0,1 )͔ are produced effectively through predissociation of HI*(R A ) states with high n, because these states can interact with HI*͓R( 4 ⌸ 1/2 )͔ at nuclear distances short enough for them to undergo rapid conversion. The overall reaction scheme for the formation and autoionization of the iodine atom is described as follows:
In process ͑5͒ the electron kinetic energy is definitely determined by the energy difference between atomic energy levels of I*͓R( 3 P 0,1 )͔ and I ϩ ( 3 P 2 ), and independent of the initial excitation energy in process ͑2͒. As a consequence, autoionization of I*͓R( 3 P 0,1 )͔ should give rise to vertical stripes running parallel to the E h axis on 2D-PES. Certainly, one can notice several vertical stripes in ⌬Eϭ13.5-14 eV in Fig.  1͑a͒ . These patterns are assigned solely to the autoioning transitions from I*͓R( 3 P 0,1 )͔ into I ϩ ( 3 P 2 ), since no superexcited state exists for the hydrogen atom.
The energetical relation of the neutral dissociation producing an autoionizing fragment is given by 14, 16, 18 
where D ϩ is the dissociation limit for the formation of H ϩI ϩ and K nucl is the nuclear kinetic energy of the two fragments released upon dissociation. The lower onset energy E h L of a given vertical stripe on 2D-PES can be calculated by substituting K nucl ϭ0 into Eq. ͑6͒ as
Hence, the E h L positions of the observed stripes should be aligned on the diagonal line of ⌬EϭD ϩ . We measured a 2D-PES in the range of E h ϭ13.45-14.85 eV with better statistics. Figure 4 shows the spectrum thus obtained, together with the diagonal line, ⌬EϭD ϩ ϭ13.505 eV, derived from the dissociation limit for the formation of H( 2 S 1/2 ) ϩI ϩ ( 3 P 2 ). This D ϩ value is evaluated from the thermochemical dissociation energy 24 3.054 eV of HI and I E ϭ10.451 eV of the iodine atom. 29 The E h L positions of all the vertical stripes in Fig. 4 are located on the earlier diagonal line. This observation manifests that autoionization of process ͑5͒ certainly occurs after photoexcitation to HI*(R A ) and that K nucl distributes from zero. Figure 5 shows an electron energy spectrum obtained by summing electron counts in Fig. 4 over the ⌬E ϭ13.50-13.90 eV range along the E h direction ͑i.e., constant E k ). Seven peaks due to autoionization of I*͓R( 3 P 0,1 )͔ are distinguished in Fig. 5 ͑labeled F1-F7͒ , and their peak positions are summarized in Table I . From the positions, we can determine the atomic energy levels of autoionizing I*͓R( 3 P 0,1 )͔, with respect to the neutral ground state I( 2 P 3/2 ), by adding I E ϭ10.451 eV for the formation of I ϩ ( 3 P 2 ). 29 The energy levels thus obtained are given in the third column of Table I . Indeed, most of the I*͓R( 3 P 0,1 )͔ states are assignable to nd Rydberg states converging to I ϩ ( 3 P 0 or 3 P 1 ) by a comparison with the reported atomic energy levels. 30 The ionic states of I ϩ ( 3 P 0 ) and I ϩ ( 3 P 1 ) lie at 0.800 and 0.879 eV above I ϩ ( 3 P 2 ), respectively, because the ionization energies of I( 2 P 3/2 ) for the formation of I ϩ ( 3 P 0 ) and I ϩ ( 3 P 1 ) are equal to 11.251 and 11.330 eV, 29 respectively. The electron yields in Fig. 5 27 all these four HI ϩ states are considered to have repulsive character. Direct photoexcitation to repulsive Rydberg states converging to these HI ϩ states would produce I*͓R( 3 P 0,1 )͔ instead of processes ͑2͒-͑4͒. This mechanism has, however, been dismissed in the present study, because the lower onset energies of all the iodine fragments agree with E k ϩD ϩ , i.e., the theoretical threshold obtained by assuming K nucl ϭ0 in Eq. ͑6͒. Next, it would be possible that the Rydberg states converging 22 In summary, our experimental evidence proves that processes ͑2͒-͑5͒ involving both HI*(R A ) and HI*͓R( 4 ⌸ 1/2 )͔ are accountable for the vertical stripes on 2D-PES.
Peaks F2, F4, and F6 in Fig. 5 are assigned to the atomic autoionizing transitions of the Rydberg states converging to I ϩ ( 3 P 0 ), i.e., I*͓R( 3 P 0 )͔. In Fig. 4 the electron yields of these transitions rise rapidly at the straight line of ⌬EϭD ϩ ϭ13.505 eV. This situation is established when the avoided potential crossing between HI*(R A ) and HI*͓R( 4 ⌸ 1/2 )͔ is so strong that essentially no potential barrier exists along the adiabatic potential energy curve. Such a strong avoided potential crossing was expected to occur between the diabatic curves of HI ϩ (Ã 2 ⌺ 1/2 ϩ ) and HI ϩ ( 4 ⌸ 1/2 ), 22 and more realistic description can be given by a single adiabatic potential energy curve of HI*(R A ) correlating directly with the H( 2 S 1/2 )ϩI*͓R( 3 P 0 )͔ asymptote. On the other hand, different behaviors are shown by the vertical stripes assigned to the autoionizing transitions of I*͓R( 3 P 1 )͔, e.g., F3 and F5. Namely, rapid increases in the electron yields are seen at ϳ0.2 eV above the line of ⌬Eϭ13.505 eV, though their onsets are very close to this line. The electron yields around E k ϭ0.81-0.88 eV, which results from autoionization of high-n Rydberg states of I*͓R( 3 P 1 )͔, also show a similar trend. These delayed increases are interpreted in terms of weaker avoided potential crossing: dissociation is less probable through the potential barrier because it needs tunneling of a hydrogen atom. For the stripes F1 and F7, the steps at ϳ0.2 eV above the line of ⌬Eϭ13.505 eV are discernible but less clear, consistently with two almost overlapped autoionizing states of I*͓R( 3 P 0 )͔ and I*͓R( 3 P 1 )͔. Cormack et al. observed a broad feature ranging from E h ϭ13.5 to 13.9 eV in a threshold photoelectron spectrum. 22 They ascribed it to a autoionization of HI*(R A ) followed by dissociation into H( 2 S 1/2 )ϩI ϩ ( 3 P 2 ). The present results from 2D photoelectron spectroscopy induces us to interpret their finding in alternative way. It is likely that the broad feature in the threshold photoelectron spectrum arises from the atomic autoionizing transitions of I*͓R( 3 P 0,1 )͔ yielding electrons having E k of ϳ0.02 eV, corresponding to F1 in Fig. 4 , because their spectrometer accepted electrons having E k below ϳ0.02 eV. Furthermore, the present observation gives an unambiguous explanation for the feature previously reported by Eland and Berkowitz in the photoionization efficiency curve for the formation of I ϩ from HI. 10 They observed a little I ϩ ion yield persisting below the intense peak owing to dissociative ionization by way of HI ϩ (Ã 2 ⌺ 1/2 ϩ ). The formation of I ϩ below the v ϩ ϭ0 level of HI ϩ (Ã 2 ⌺ 1/2 ϩ ) (I E ϭ13.967 eV) 23 is well understood in terms of the multistep mechanism involving processes ͑2͒-͑5͒.
IV. SUMMARY
We have measured a 2D photoelectron spectrum in the photon energy range of 11.10-14.85 eV, in order to study autoionization and predissociation dynamics of HI*(R A ). Autoionizing feature due to the 5d HI*(R A ) state is seen over a wide photon energy range, which is discussed on the basis of the shapes of potential energy curves of HI*(R A ) and HI ϩ (X 2 ⌸ 3/2 ). Autoionizing I*͓R( 3 P 0,1 )͔ fragments are produced via conversions from higher-n HI*(R A ) states into HI*͓R( 4 ⌸ 1/2 )͔. A closer inspection on the vertical stripes resulting from the autoionizing transitions shows that potential barriers are created only on the adiabatic potential energy curve of HI*(R A ) correlating with the H( 2 S 1/2 ) ϩI*͓R( 3 P 1 )͔ asymptote and that the system passes through the barriers by tunneling.
